coding SNVs which were present on the high delusion factor haplotype and significantly overrepresented in high delusion factor subjects. We tested these for regulatory effects and found that risk alleles of rs10883866 and rs60827755 decreased and increased, respectively, the expression of a reporter gene as compared to the reference allele. In postmortem brain mRNA quantification experiments, we found the same variants also perturb the relative expression of alternative NRG3 isoforms. In summary, we have identified regulatory SNVs contributing to the association of NRG3 with delusion symptoms in SZ.
strong [4] [5] [6] [7] , and while, initially, genetic linkage and association studies had produced few replicated positive results (in part because of phenotypic and genetic heterogeneity [2, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] ), genome-wide association studies have recently been more successful [18] . To minimize the challenges of phenotypic and genetic heterogeneity, we utilized rigorous phenotyping in a genetically homogeneous Ashkenazi Jewish (AJ) population [19, 20] . Previously, in this sample, we had identified a significant SZ linkage signal at 10q22 from 29 AJ pedigrees (nonparametric linkage score of 4.27) [19] . Our result was independently replicated in a study of 1,345 Han Chinese individuals [21] . During follow-up, we performed an association study in 1,199 SZ individuals across the linkage peak with 9 factors (heritability ranging from 0.27 to 0.60) derived from a principal component analysis of 73 phenotypic features [22] . We identified a strong association (p = 1.6 × 10 -6 to 2.3 × 10 -7 ) of several NRG3 single nucleotide variants (SNVs; rs6584400, rs10883866 and rs10748842) with the factor designated 'delusion' [23] , corresponding to the constellation of symptoms known as 'Schneiderian first-rank symptoms' [24] . The association of these same NRG3 SNVs with delusions was independently replicated by others in both Western European [25] and Anglo-Irish cohorts [26] . In the former study, the authors suggested a functional role for rs10748842, possibly by regulating the relative abundance of NRG3 isoforms [25] .
NRG3 is a strong biological candidate gene for SZ. It is one of 3 paralogs of NRG1 , another replicated SZ susceptibility gene [27] . Like NRG1 , NRG3 undergoes extensive alternative splicing and alternate utilization of first exons ( fig. 1 ). Expression of NRG3 is limited to the brain, breast and testis and is higher early in development [25] . The protein product of NRG3 is a single-pass type I membrane protein with an extracellular N-terminal EGF-like domain that is cleaved and binds ErbB4 receptors [28] [29] [30] encoded by ErbB4 , another gene implicated in SZ [31] [32] [33] . NRG3 appears to function as a chemorepellant signal in the patterning and migration of GABAergic interneurons in the developing cerebral cortex [34] [35] [36] .
Here, we used in vitro and in vivo approaches to identify the functional variants underlying the association with the delusion factor in the 162-kb linkage disequilibrium (LD) block containing the associated SNVs. We found 3 variants that affect the regulation of NRG3 expression and are strongly associated with the delusion factor phenotype.
Subjects, Materials and Methods

Subject Ascertainment and Factor Analysis
All subjects are participants in the JHU Epidemiology-Genetics Research Program in Psychiatry. The ascertainment and assessment of these patients and controls [19, 23] , as well as factor analysis derivation, have been previously described [22] .
Next-Generation Sequencing, Analysis Parameters and Software
We sequenced a total of 47 AJ SZ individuals (33 males and 14 females) from the extreme ends of the delusion factor distribution. This 2: 1 sex ratio is as expected, based on our entire AJ SZ collection [23] . Additionally, we sequenced an unaffected female, identified as homozygous for the microdeletion at Hg19 chr10: 83611664-83613507, to determine the background haplotype of the microdeletion.
To generate sequencing libraries, we amplified 19 overlapping ∼ 10-kb amplicons to cover the entire 162-kb LD block using LA Taq (Kyoto, Japan). LD information was acquired from our data on Ashkenazi Jews [23] , and the LD structure is very similar between AJ and European populations [37] . After amplification, we fragmented the amplicons to ∼ 250 bp by sonication with a Covaris E210 device, indexed fragments with unique identifiers for each individual, and multiplexed samples for library preparation in groups of 12, each including 6 low delusion factor and 6 high delusion factor individuals. We sequenced each of the 4 libraries with 75-bp paired-end reads on either the Illumina Genome Analyzer or the Hi-Seq 2000 system. Sequencing primers and PCR conditions are available upon request.
We aligned the reads using the BWA aligner (version 0.5.9) [38] and postprocessed aligned reads with the Genome Analysis Toolkit (GATK version 1.0.5336) [39] to remove duplicate reads, to realign around small insertions or deletions (indels) and to recalibrate base-call quality scores. We excluded 1 high delusion factor subject from the analysis due to low coverage depth (55) relative to the other samples (average coverage of 850). The median fraction of reads that aligned was 90%. We called SNVs and indels using SAMtools mpileup [40] (version 0.1.17) on all samples simultaneously with parameters set to downweight reads with excessive mismatches and to allow for high depth coverage. We removed variants if their overall call quality score was <99 and set individual calls to missing if their call quality was <40. We assessed the quality and depth of coverage differences for each variant, comparing these quantities between low and high delusion factor individuals using a t test and removing variants with p < 0.1.
We validated a total of 790 known variants across the region in all subjects, using previously obtained SNV genotypes at 19 positions [23] . Of these, 773 were correctly called from our unfiltered SNV detection, for an accuracy of 97.8% (95.1% sensitivity, 99.5% specificity, using a variant presence/absence criterion). After setting all calls with an individual call quality <40 or a variant call quality <99 to missing, 6 incorrect calls remained. This accuracy of 99.2% reflects 100% specificity and 98.1% sensitivity after filtering.
We excluded 4 variants (GRCh37/hg19 chr10: 83667530, 83616428, 83659377 and 83702217) from further analysis due to significant (two-sample t test p < 0.1) differences in call quality or coverage between high and low delusion factor groups. After filtering, we identified 620 SNVs 
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Microdeletion Studies
During the amplification step of DNA library preparation for next-generation sequencing, we identified a 1.8-kb microdeletion 23 kb 5 ′ of the transcription start site, at Hg19 chr10: 83611664-83613507. We genotyped the microdeletion by sizing the PCR product in 724 AJ SZ cases as described in Chen et al. [23] . For some individuals, we were not able to make a definitive genotype call from the PCR products. We genotyped these individuals, plus an additional 32 individuals from 10 unrelated pedigrees with SZ probands, using a 3-primer PCR assay where a deleted allele would yield a 249-bp band and a nondeleted allele would yield 406-and 2,092-bp bands. The primer sequences and PCR conditions are available upon request. We calculated the association of this microdeletion with the delusion factor quantitative trait (QT) locus using the QT likelihood ratio χ 2 test implemented in the UNPHASED software [41] .
Reporter Constructs
We generated dual-luciferase reporter assay (DLA) reporter constructs by subcloning PCR amplicons of selected genomic segments from our subjects. The amplicons were cloned using the pCR8/GW/TOPO TA Cloning Kit (Invitrogen, Carlsbad, Calif., USA), sequenced for confirmation and shuttled to pDSMA, a Gateway-modified pGL3-promoter plasmid [42] using LR Clonase Enzyme Mix (Invitrogen). They were then shuttled in genomic orientation (5 ′ to 3 ′ ) upstream of a constitutive promoter in the Association of NRG3 with a Delusion Phenotype in SZ pDSMA plasmid to determine the consequences on expression of the firefly luciferase reporter gene. We performed one plasmid preparation per construct by QIAfilter Plasmid Purification Midi Kit (Qiagen, Hilden, Germany) and sequence verified all constructs. We caution the reader that since all replicates come from a single plasmid preparation, it is possible for differences in preparation quality to influence the results of the DLA. The REF amplicon was 3.8 kb and included the region of the microdeletion plus 1-kb flanks on both sides; the deletion (DEL) construct was 2 kb and included only the 1-kb regions flanking the microdeletion. To determine if the microdeletion had some effect based on spatial characteristics of the region, we also restored normal spacing by inserting a 1.8-kb segment of a zebrafish construct (ZNAS -17.9) with no enhancer activity in DLAs [43] at the site of the microdeletion. To produce constructs containing the SNVs, we amplified approximately 320 bp of the region of highest conservation surrounding the variant. Because rs10883862 and rs7919976 are only 68 bp apart, we identified 3 haplotypes and made single constructs for each. The primers and PCR conditions used to generate all amplicons are available upon request.
Dual-Luciferase Reporter Assays
We cultured HT22 mouse hippocampal [44] , HEK 293 human embryonic kidney and Neuro2A mouse neuroblastoma cells in DMEM with GlutaMAX and 10% FBS. Primary cortical neuron cells from E18 C57BL/6 mice or Sprague-Dawley rats were cultured as described previously [45] . Due to the quantity of neuron cells required for the SNV series of DLAs, we chose to use rat primary neurons to minimize the number of animals sacrificed. It should be noted that based on data from Gene Expression Omnibus (GEO) [46] , NRG3 is not expressed in the commercially available cell lines (GEO accessions GSE45534, GDS4802 and GSE56275), but it is highly expressed in both mouse and rat primary cortical neurons (GEO accessions GDS4759 and GDS3832).
We cotransfected cells with the pDSMA and Renilla vectors at a 20: 1 ratio using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions and lysed the cells 24 h after transfection (Promega, Madison, Wis., USA). We used 20 μl of lysate and 50 μl of each reagent for the assays. Firefly/Renilla luciferase expression ratios are normalized to the pDSMA promoter-only construct to facilitate comparisons between cell lines.
Human Brain mRNA Studies
We extracted DNA and total RNA from subjects without macroscopic pathology from 190 superior temporal gyrus (STG) samples from the Harvard Brain Tissue Resource Center (HBTRC) and 94 dorsolateral prefrontal cortex (DLPFC) samples from the National Institute of Child and Human Development (NICHD). The HTBRC samples were 77% male, averaged 62 years of age and had an average postmortem interval of 23.2 h. Ancestry data for the HBTRC samples were not available, but based on an ancestry SNP panel and comparison with Caucasian samples from the Johns Hopkins Brain Resource Center, there were only 2 genetic outliers in the HBTRC samples [47] , which were removed from analysis. The NICHD samples were all reported Caucasian, were 66% male, averaged 36 years of age and had an average postmortem interval of 17.7 h.
We genotyped all samples for rs10748842 and rs60827755 by TaqMan genotyping assays (Invitrogen). The expression of NRG3 transcripts initiating with exons 1a and 1b was measured separately, using exon-specific primers for qPCR of cDNA reverse transcribed from brain RNA, and was quantified by comparison to a standard curve with normalization to the expression of two housekeeping genes, MRIP and ACTB , as previously described [47] . The data were log transformed to achieve a normal distribution, and outliers were removed.
Using a generalized linear model, we interrogated the expression data for correlations with genotypes at selected SNVs using age, sex, qPCR plate and postmortem interval as covariates. To examine changes in the relative abundance of classes of transcripts, we adjusted the expression of transcripts initiating with exon 1b for that of transcripts initiating with exon 1a.
Results and Discussion
Previously, we had examined 685 AJ SZ probands for an association between each of 9 QTs (phenotypic principal component factor scores) and selected genotypes around NRG3 . We found a significant association of the delusion factor with the genotypes of SNVs in a 162-kb LD block covering the 5 ′ end of NRG3 [22] . Here, we sequenced SZ subjects stratified according to their scores on the delusion factor QT with the goal of finding the variant(s) responsible for the association signal. High and low delusion factor subjects differed primarily in the number of types of delusions that they exhibited, with high delusion factor subjects experiencing more kinds of delusions [22] .
Sequencing of the NRG3 5 ′ 162-kb LD Block
To identify all variants across the LD block, we sequenced subjects in 4 pooled sets of 12 samples (6 from the high and 6 from the low extremes of the delusion factor QT distribution). The minimum average depth for samples included in the analysis was 334, and 98.6% of the positions in our region of interest were covered by at least 15 reads [48] . There was no difference between the high and low delusion factor groups in average coverage (t test p = 0.49) or percentage of bases covered by at least 15 reads (t test p = 0.20), indicating that between-sample differences in these variables did not bias our subsequent analyses.
A Microdeletion Upstream of NRG3 Is Associated with the Delusion Factor but Lacks
Functional Consequences PCR and sequencing revealed a 1.8-kb microdeletion located 23 kb 5 ′ of the predicted transcription start site of NRG3 at Hg19 chr10: 83611664-83613507. Figure 2 shows the amplification scheme, the location of the deletion and the corresponding evidence from PCR product electrophoresis. This microdeletion has not previously been reported by dbSNP or any tracks on the UCSC Genome Browser and is in a region with low sequence conservation [49, 50] . There are flanking clusters of transcription factor binding sites ∼ 6 kb 5 ′ and ∼ 12 kb 3 ′ of the microdeletion (hg18 HMR Conserved Transcription Factor Binding Sites track created by Weirauch and Raney) [49] .
To determine if the microdeletion itself was a causative variant, we first measured its frequency in various populations. We found similar frequencies in our sample of AJ SZ (2.65%, n = 641), AJ bipolar (2.57%, n = 564) and AJ control (2.8%, n = 642) cohorts. However, when we tested SZ patients at both extremes of the delusion factor QT, we found a significant difference in frequencies (8/138 alleles or 5.8% in the high compared to 0/134 alleles or 0% in the low delusion factor patients; Fisher's exact test p = 0.013). To investigate this association with delusion factor scores in a larger SZ cohort, we genotyped the microdeletion in 724 AJ SZ subjects across the range of scores and also found a strong association (likelihood ratio χ 2 p = 0.006895). We did not detect the microdeletion in 346 outbred American European SZ subjects, suggesting that it is specific to Ashkenazim. We also genotyped the microdeletion in 10 unrelated families with heterozygous probands and found that it was inherited and had identical breakpoints in all. From these results, we reasoned that the microdeletion was either a causative variant or marked a haplotype containing (a) causative variant(s).
To investigate potential regulatory effects of the microdeletion, we performed DLAs in HEK 293 cells, HT22 cells and cultured mouse cortical neurons. We found no difference in the relative expression of the reporter gene between the REF and DEL constructs ( fig. 3 ) . We also corrected for possible spatial effects by introducing an inactive stuffer sequence into our deletion construct, which . 3 ) , which is likely due to the presence of an additional sequence in the vector causing reduced transfection or translation efficiency. These in vitro experiments indicate that the microdeletion lacks regulatory consequences in the tested cell types; although one explanation might be that these cell types do not have the appropriate transcription machinery, it is also possible that the microdeletion itself is not causative but rather marks a haplotype containing (an)other causative variant(s).
Identification of Variation in cis with the Microdeletion
During the course of these studies, we identified 2 homozygotes for the microdeletion, a bipolar subject and a nonaffected relative of an SZ subject. The latter, a 66-yearold asymptomatic woman, has a brother and a nephew with SZ. Sequencing of the microdeletion homozygote revealed homozygosity for all SNVs across the entire LD block, including the risk alleles of previously identified delusion factor-associated SNVs [23] . She has 121 homozygous non-REF variants and no heterozygous variants, suggesting that the microdeletion haplotype extends across the entire sequenced region. Genotyping 5 other members in her family and 31 unrelated affected AJ microdeletion heterozygotes allowed us to define 3 distinct haplotypes across the LD block: 1 that is marked by the microdeletion and likely contains the risk variants and 2 others without the microdeletion that likely do not carry the risk variants. Sequencing the LD block in 24 individu- 42 als with high delusion factor QT scores, 23 with low delusion factor QT scores and the asymptomatic woman identified a total of 620 SNVs in the LD block. Of the 57 SNVs associated with a high delusion factor score (p < 0.05) in the present study, 54 were non-REF alleles homozygous in the asymptomatic woman, and we concluded these made up the microdeletion haplotype. To assess differences between low and high delusion factor subjects at each of these 54 SNVs, we ranked them according to the p value as calculated by Fisher's exact test ( table 1 ) . While no results withstood correction for multiple testing, the 5 nominally most significant (p = 0.003 for all 5, minor allele frequency 0.104-0.424) were located in a ∼ 8-kb cluster flanking and including NRG3 exon 2. Of the 3 previously identified SNVs most associated with the delusion factor, 2 (rs10883866 and rs10748842) were among the 5 showing strongest statistical significance in this study [23] . The third previously identified SNV, rs6584400, had a p value of 0.015 and was also included in our functional studies of a total of 6 variants. The risk alleles of all of these variants (p < 0.05) are on the microdeletion haplotype.
Variants in Intronic Regions of NRG3 Affect NRG3 Expression in vitro and ex vivo
To determine if the variant genotype affected the regulatory function of the surrounding sequence, we performed DLAs testing ∼ 320 bp surrounding either allele of our 6 candidate SNVs in HEK 293, HT22 and Neuro2A cell lines as well as in cultured rat primary cortical neurons.
We tested rs7919976 and rs10883862, which are only 68 bp apart (r 2 = 0.329), in a single construct and detected no discernible regulatory activity ( fig. 4 ) . Variant rs6584400 had a minimal and inconsistent effect regardless of the genotype. For these reasons, we did not perform additional studies on these variants. We observed modest effects for rs10748842, with the risk allele (C) increasing relative expression ∼ 1.2-fold. For this reason, and because this variant was implicated by previous authors based on in silico computational analysis, we included it in additional studies. In contrast, we found that rs10883866, located 5 kb 5 ′ of exon 2, had a strong and consistent effect in DLA experiments. The construct containing the REF variant (C) conferred a 2-to 3-fold increase in expression over the promoter-only vector in all cell lines tested (in primary rat cortical neurons, the effect was more modest but in the same direction), and this effect was completely abrogated by the risk variant (G). Similarly, rs60827755, located 1.5 kb 5 ′ of exon 2, also showed a consistent effect on expression in all the cell types tested. In this case, however, the risk allele (G) is associated with an increased expression. The risk allele (G) of rs10883862 and the REF allele (A) of rs60827755 have consistently a lower expression of the reporter gene compared to the promoter-only vector, which may indicate possible repressor activity or may be a result of reduced transfection efficiency due to the additional inactive sequence in the vector. We conclude that rs60827755 and rs10883866 are both functional, each perturbing the regulatory function of a DNA element in this genomic segment but with opposite effects on expression in these in vitro assays. Together, they generate 2 haplotypes with different regulatory properties that likely represent the causative genetic variation leading to changes in NRG3 expression and in the delusion factor scores. While the minor alleles of rs10883866 and rs60827755 are both on the risk haplotype and drive reporter gene expression in opposite directions, in vivo, the effects of these variants will depend on the relative abundance of the trans-acting factors that bind these regions at any given time as well as the genomic context beyond the 320-bp inserts in the test plasmids.
SNVs in NRG3 Correlated with Alternate
First Exon Use NRG3 undergoes complex alternative splicing with transcripts that originate from at least 2 alternative first exons, exons 1a and 1b. We hypothesized that the SNVs associated with the delusion factor, which are all located in the 5 ′ end of NRG3 , might influence the abundance of NRG3 transcripts that begin with exon 1a or 1b. To test this possibility, we asked if there was a correlation between the genotype and the expression of NRG3 transcripts (see Subjects, Materials and Methods and fig. 1 ) [25] in 2 brain regions. We genotyped one of the functional variants from the DLAs, rs60827755, in addition to rs10748842, which has an r 2 of 1.0 with the other functional DLA variant, rs10883866 [51] .
After controlling for qPCR plate, age, sex and postmortem interval, we found that carriers of the risk allele (C) at rs10748842 have a decreased expression of transcripts containing exon 1b in the DLPFC (p = 1.9 × 10 -7
). In the STG, we observed a similar but somewhat weaker effect (p = 0.026) of the risk allele on exon 1b transcripts. We saw no significant correlation between genotype and the expression of transcripts containing exon 1a in either brain region. We also wanted to determine if the relative expression of transcripts containing exon 1b, compared to transcripts containing exon 1a, was correlated with genotype. In the DLPFC, the risk allele is highly correlated with a decrease in the relative expression of exon 1b transcripts when adjusted for the expression of transcripts with exon 1a (p = 4.7 × 10 -8 ). In the STG, the relative expression of exon 1b transcripts became highly significant when adjusting for exon 1a transcripts (p = 5.11 × 10 -9 ; fig. 5 ). As expected given the strong LD (r 2 = 0.92), the risk allele (G) of rs60827755 also showed a decreased expression of exon 1b transcripts (p = 1.42 × 10 -7 ) and a decreased relative expression when adjusted for exon 1a transcripts (p = 6.0 × 10 -8 ) in the DLPFC and in the STG (p = 0.048 and 1.9 × 10 -7 , respectively). From these data, we conclude that the effect of the delusion factor-associated variants involves the relative expression of various NRG3 transcripts. This suggests a transcript-specific mechanism in which the risk variants affect the utilization of alternative NRG3 first exons.
Current psychiatric diagnostic criteria, including the Diagnostic and Statistical Manual (DSM), focus on clinical reliability but not on etiologic, particularly genetic, validity, hampering a biological understanding of psychiatric illness [52] . To rectify this, the National Institute of Mental Health (NIMH) launched the Research Domain Criteria (RDoC) project to create a new framework for research on the pathophysiology of mental illness [52] . RDoC describes a matrix in which the rows represent various constructs grouped hierarchically into domains of neuropsychiatric function, while the columns denote ascending levels of etiological analysis: the genetic, molecular and cellular levels; the systems level, and the levels of the individual, the family environment and social context. Our work indicates that genetic variations of a specific gene, NRG3 , contribute to a functional domain (delusion).
In summary, we identified all variants in the 162-kb LD block previously shown to confer a risk for a constellation of phenotypic features characterized as 'delusion factor' in an AJ SZ cohort. We then identified a risk haplotype extending across the entire LD block and showed that alleles of 3 intronic SNVs strongly associating with the delusion factor QT also modulate gene expression and alternative first exon utilization. The molecular mechanism by which the single base pair changes exert their effect is unknown, although we surmise that the variants alter binding sites for transcription factors that interact indirectly with the promoter(s). The identity of the proteins that utilize these putative binding sites to control the regulation of particular transcripts of NRG3 , as well as the functional consequences of various splice forms in specific cells types, will shed light on the molecular pathways involved in delusions and psychiatric disease as well as deepen our understanding of the regulation of this gene. Effect of rs10748842 on NRG3 alternative transcripts. Box plots of levels of exon 1b transcripts relative to exon 1a transcripts for the different genotype groups and in the two brain regions examined. The homozygotes for the rare genotype CC were very few (2 and 1 for the STG and DLPFC, respectively) and grouped with the heterozygotes.
